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Five rats pressed levers for food reinforcers delivered by several concurrent variable-interval
variable-interval schedules. The rate of reinforcement available for responding on one
component schedule was held constant at 60 reinforcers per hour. The rate of reinforce-
ment available for responding on the other schedule varied from 30 to 240 reinforcers per
hour. The behavior of the rats resembled the behavior of pigeons pecking keys for food
reinforcers. The ratio of the overall rates of responding emitted under, and the ratio of
the time spent responding under, the two components of each concurrent schedule were
approximately equal to the ratio of the overall rates of reinforcement obtained from the
components. The overall rate of responding emitted under, and the time spent responding
under, the variable component schedule varied directly with the overall rate of reinforce-
ment from that schedule. The overall rate of responding emitted under, and the time spent
responding under, the constant component schedule varied inversely with the overall rate
of reinforcement obtained from the variable component. The local rates of responding
emitted under, and the local rates of reinforcement obtained from, the two components
did not differ consistently across subjects. But they were not exactly equal either.
Key words: matching law, behavioral contrast, equalizing principle, concurrent schedule,

lever press, rats

Much research has investigated the behavior
of pigeons pecking keys for food reinforcers
delivered under concurrent schedules. Their
behavior has been described in several ways.
First, it has been found that the relative rate
of responding generated by each component
of a concurrent schedule equals the relative
rate of reinforcement that the component
provides. This is expressed by the Matching
Law (Herrnstein, 1970). PI is the subject's
rate of responding under component 1, which
provides a rate of reinforcement equal to RI.

P, RI (1)
P,+ P2 R1 + R2

P2 is the rate of responding generated by
the other component, which provides a rate
of reinforcement equal to R2. The rates are
overall rates, calculated by dividing the num-
ber of responses emitted under, or the number

'This study was submitted by Wayne D. Norman to
the Department of Psychology at Washington State
University in partial fulfillment of the requirements
for the degree Master of Science in Psychology. The
data were presented at the 1976 meeting of the Psycho-
nomic Society. Reprints may be obtained from F. K.
McSweeney, Department of Psychology, Washington
State University, Pullman, Washington 99163.

of reinforcers obtained from, each component
schedule by the total session time minus the
time for which food is presented.
Baum (1974) proposed a more general for-

mulation of the Matching Law. B, and B2

B, a

B2 r2
(2)

are the behaviors emitted under components
1 and 2. They may be measured by the time
spent engaging in them, as well as by their
rates of occurrence (Baum and Rachlin, 1969).
-The variables r, and r2 are the values of the
reinforcers obtained from components 1 and 2.
The amount, immediacy, and rate of presenta-
tion of a reinforcer contribute to its value.
Rates of behaviors and of reinforcement are
calculated as they were in Equation (1). The
parameters k and a express deviations from the
Matching Law called bias and undermatching,
respectively. Equation (3) shows that Herrn-
stein's law is a special case of Equation (2),
in which k and a are equal to 1.0.

P1
P1 + P2

P2
P1 + P2

R,
RI +R2 PI RI__

R2 - P2 = 1.0 R2 .(3)
R, + R2

453

1978, 29, 453-462 NUMBER 3 (MAY)



WAYNE D. NORMAN and F. K. McSWEENEY

Second, studies have reported that the over-
all rate of responding emitted under a compo-
nent schedule varies directly with the overall
rate of reinforcement obtained from that com-
ponent, and inversely with the overall rate
of reinforcement obtained from the other com-
ponent (Catania, 1963; McSweeney, 1975b).
The inverse relation has been called behav-
ioral contrast.

Rachlin (1973) proposed that the proportion
of the total session time spent responding
under a component schedule also varies di-
rectly with the overall rate of reinforcement
obtained from that component, and inversely
with the overall rate of reinforcement obtained
from the other component. Rachlin noted that
Equation (4) describes the overall rate of re-
sponding generated by a component of a con-
current schedule.

p =p1 p . T (4)

That is, the overall rate of responding (the
number of responses emitted divided by the
total session time, pu/T) is the mathematical
product of the local rate of responding emitted
under that component (the number of re-
sponses emitted divided by time spent re-
sponding under that schedule, p1/T1), and
the proportion of the total session time spent
responding on that schedule (T1/T). Theoreti-
cally, changes in the overall rate of responding
could be produced by changes in either vari-
able. But, Rachlin argued that the proportion
of the total session time spent responding
under a component increases with increases in
the rate of reinforcement obtained from the
component. The increase in the proportion
of time spent responding under one compo-
nent produces a decrease in the proportion of
the total session time spent responding under
the other component. According to Rachlin,
the local rates of responding generated by the
component schedules remain constant, and
equal to each other, in spite of changes in the
rate of reinforcement provided by either com-
ponent.

Third, it has been reported that pigeons
distribute their time between the components
of a concurrent schedule so that the local rates
of reinforcement obtained from the two com-
ponent schedules will be equal (Killeen, 1972).
This finding has been called the equalizing
principle. Again, local rates of reinforcement

are calculated by dividing the number of
reinforcers obtained from each component by
the time spent responding under that compo-
nent schedule.
The present study asks whether the behav-

ior of rats pressing levers under concurrent
schedules resembles the behavior of pigeons
pecking keys under concurrent schedules. Two
past studies have examined this question. Shull
and Pliskoff (1967) found that the relative rate
of responding emitted under, and the relative
time spent responding under, the components
of two concurrent schedules obeyed the Match-
ing Law when long changeover delays (COD)
penalized switches between the components.
The changeover delay was a period of time
during which no responses were reinforced
and was initiated by all switches from one
lever to the other. Baum (1976) found that
the rates of responding emitted under, and
the time spent holding the levers associated
with, the components of several concurrent
schedules, obeyed the Matching Law and
showed behavioral contrast.
The present study extends these results. It

examined the equalizing principle, as well as
the Matching Law and behavioral contrast,
using a procedure that closely resembles those
used when pigeons serve as subjects. The
studies by Shull and Pliskoff, and by Baum
differed from those that have employed pigeons
in a number of ways. Shull and Pliskoff used
brain stimulation, rather than food as the
reinforcer, and they manipulated the relative
rate of reinforcement by manipulating the
duration of the COD, rather than by manipu-
lating the scheduled rate of reinforcement.
Baum recorded and reinforced the amount of
time that the rats spent holding the levers.
Studies that have used pigeons have reinforced
discrete responses and have recorded the
amount of time the subjects spend responding
on one key without changing to the other.
However, these studies have not recorded the
amount of time the subjects spent pressing
the key.

METHOD

Subjects
Five experimentally naive, male hooded rats,

bred at Washington State University, were
approximately four months old at the begin-
ning of the experiment.
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Apparatus and Procedure
Subjects, maintained at approximately 90%

of their free-feeding weights, were placed in
a standard Grason-Stadler, model E3125D-100
two-lever, experimental enclosure for rats. The
enclosure was located in a sound-attenuating
chamber. White noise was present in the cham-
ber at all times. Pressing each of the response
levers was shaped by a successive approxima-
tions procedure. The levers were located to
the right and left, above the food cup and were

operated by a force of approximately 0.20 N.
A houselight, located above and to the right
of the wall containing the food cup, was il-
luminated throughout the session.
When the shaping procedure had been com-

pleted, the rates of reinforcement provided
by the two levers were gradually decreased
until the subjects responded under a concur-

rent variable-interval 1-min, variable-interval
1-min (conc VI 1-min VI 1-min) schedule.
This procedure continued until subjects re-

sponded at a rate that was approximately
equal for the two component schedules. A
changeover delay (COD) of 1 sec was initially
introduced and gradually increased to 5 sec,
where it remained for the rest of the experi-
ment. The COD was a period of time during
which no reinforcers were collected and was

initiated by all switches from one lever to the
other. The 5-sec COD duration was selected
because at this value the rates of responding
and the time spent responding under the com-

ponent schedules did not deviate from the
Matching Law consistently across subjects.
Past research has shown that behavior ap-
proaches the Matching Law as duration of the
COD increases (Shull and Pliskoff, 1967). Ad-
ditional increases in duration have no re-

ported effect.
Subjects were placed under a series of con-

current schedules after responding under
the conc VI 1-min VI 1-min schedule had be-
come stable. The schedules studied and the
number of sessions for which each schedule
was in effect appear in Table 1 in the order
in which they were presented. The compo-
nent schedule listed first was that associated
with the lever located to the subject's right
as it faced the wall containing the food cup.
The component associated with the lever to
the subject's left appears second. The loca-
tions of the levers were the only discrimina-

tive stimuli arranged by the experimenter for
the component schedules. Interreinforcer in-
tervals for all schedules were arranged ac-
cording to a 12-interval series, constructed by
a procedure outlined by Catania and Reynolds
(1968, p. 381). The delivery of one 45-mg Noyes
food pellet served as reinforcement.
Responding under each concurrent schedule

was considered to be stable when the overall
rates of responding emitted during the last
five sessions fell within the range of rates of
responding set by the earlier sessions. Sessions
were conducted daily, six to seven times per
week. Each session terminated when 40 rein-
forcers had been delivered.

RESULTS

The Matching Law
Figure 1 displays the logs of the ratios of

the overall rates of responding generated by,
and the logs of the ratios of the amounts of
time spent responding under, the two compo-
nents of each concurrent schedule, plotted as
a function of the logs of the ratios of the over-
all rates of reinforcement that the components
provided. Overall rates were calculated by
dividing the number of responses emitted un-
der, or the number of reinforcers obtained
from, each component schedule by the total
session time. The time spent responding under
a component schedule was measured by a
timer that began when the subject made its
first response under that component. The
timer stopped, and the timer for the other
component began, with the next response
emitted under that component. Table 2 shows
the values from which the data in Figure 1
were obtained.
The subjects obeyed the Matching Law as

stated by Baum, and they did not systemati-

Table 1
The number of sessions for which each schedule was
conducted in order of presentation.

Schedule
Right Left Subject
Lever Lever 1 2 3 4 5

conc VI 1-min VI 1-min 28 38 33 31 41
conc VI 15-sec VI 1-min 27 15 22 22 21
conc VI 30-sec VI 1-min 30 36 36 33 32
conc VI 1-min VI 2-min 20 21 28 25 25
conc VI 1-min VI 1-min 29 31 35 33 28
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Fig. 1. Logs of the ratios of the overall rates of responding emitted under (P1/P2), and logs of the ratios of the

time spent responding under (T1/T.), the two components of each concurrent schedule, plotted as a function of
the logs of the ratios of the overall rates of reinforcement obtained from the components (r,/r2). The sixth set of
axes contains the mean of the data generated by all subjects. Eachi of the other sets of axes represents the data gen-

erated by a single subject. Each point is the mean of the values generated over the last five sessions for which each
schedule was presented. The points obtained from the two presentations of the conc VI 1-min VI 1-min schedule
have been averaged. A least-squares procedure has been used to calculate the equations for the best-fitting straight
lines for the response rates and time spent responding. These equations, and the proportion of the variance in
the data accounted for by the lines, appear on the Figure. The equations for the response ratios appear above the
equations for the time ratios.
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cally violate Herrnstein's version of the Law.
Taking the logs of both sides of Equation 2
shows that the function presented in Figure 1
should be linear if Baum's theory is correct.
The slopes of these lines will equal the a
parameter, and the y-intercept will equal the
log of the k parameter. Baum's equation ac-
counted for 87 to 99% of the variance in the
ratios of the rates of responding, and from 86
to 99% of the variance in the time spent re-
sponding on the components.
Equation 3 shows that Herrnstein's formula

is a special case of Baum's equation, in which
k and a parameters equal 1.0. Herrnstein's
equation is represented by the diagonal lines
drawn in Figure 1. The points do not fall
exactly on the line, but they do not deviate
from it in a way that is consistent across sub-
jects. The values of the a parameter varied
from 0.78 to 1.17 for the ratios of the rates of
responding, and from 0.72 to 1.08 for the ra-
tios of the time spent responding. Deviations
from 1.0 were in different directions for differ-
ent subjects. The y-intercepts of the lines,
which are the logs of the k parameters, varied
from -0.18 to 0.09 and from -0.13 to 0.16
for the ratios of the rates of responding and
the time spent responding, respectively. The
values of k were 1.23, 0.91, 0.66, 1.00, and 1.15
for the response ratios, and 0.81, 1.26, 0.74,
1.02, and 1.45 for the time ratios, for Rats 1
to 5 respectively. Again, k was not systemati-
cally different from 1.0 across subjects.

Overall Rate of Responding, Proportion of
Time Spent Responding, and Overall
Rate of Reinforcement

Figure 2 contains the overall rate of re-
sponding emitted under (top section), and the
proportion of the total session spent respond-
ing under (bottom section), the variable com-
ponent schedule, plotted as a function of the
overall rate of reinforcement obtained from
that component. The variable component pro-
vided the variable scheduled rate of reinforce-
ment. Figure 2 shows that the overall rate of
responding emitted under, and the proportion
of the total session time spent responding un-
der, the variable component schedule in-
creased with increases in the rate of reinforce-
ment obtained from that component.

Figure 3 contains the overall rate of re-
sponding emitted under (top section), the pro-
portion of the total session time spent re-

loo

Na-
50

1.0

I1-.~N .5

I.0
02

3£*4
5.o MEAN

0£
as
A*

0

a

A

0A.
le

.00a
o~~~~~ A

F~~~~~A A0 £

A*
0

100 200
RATE OF REINFORCEMENT2

Fig. 2. Overall rate of responding emitted under
(top section), and proportion of total session time spent
responding under (bottom section), the variable com-
ponent schedule plotted as a function of the overall
rates of reinforcement obtained from that component.
Each point is the mean of the values generated over
the last five sessions for which each schedule was pre-
sented. The points obtained from the two presentations
of the conc VI 1-min VI 1-min schedule have been
averaged. Rates of responding have been reported in
responses per minute; rates of reinforcement, in rein-
forcers per hour.

sponding under (middle section), and the
overall rate of reinforcement obtained from
(bottom section), the VI 1-min component,
plotted as a function of the overall rate of re-
inforcement obtained from the variable com-
ponent. Figure 3 shows that behavioral con-
trast did occur. The top and middle sections
show that the overall rate of responding
emitted under, and the proportion of the total
session time spent responding under, the VI
1-min component decreased as the overall rate
of reinforcement obtained from the variable
component increased. The bottom section
shows that the overall rate of reinforcement
obtained from the VI 1-min component sched-
ule also decreased with increases in the rate of
reinforcement obtained from the variable
component schedule.

The Equalizing Principle
Figure 4 contains the ratios of the local rates

of responding emitted under, and the ratios of
the local rates of reinforcement obtained from
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the horizontal line at 1.0 if the subjects ex-
actly obeyed the equalizing principle.
The points plotted in Figure 4 do not vio-

late the equalizing principle or the equality
of the local rates of responding in a way that
is consistent across subjects. The points fall

at * above the line approximately as often as they
- fall below it; however, the data do not provide

strong support for equality either. First, the
values of individual ratios differ substantially
from 1.0. The ratios of the rate of responding
vary from 0.57 to 2.87 for individual subjects,
and from 1.05 to 1.49 for the mean of all sub-
jects. The ratios of the rates of reinforcement
vary from 0.62 to 6.07 for individual subjects,

S and from 0.88 to 1.32 for the mean of all sub-
jects. Second, the ratios of the rates of respond-
ing change systematically with changes in the
rate of reinforcement obtained from the vari-
able component for individual subjects. The
ratios of the rates of responding increase con-

: sistently with increases in reinforcement for
* Rats 2, 3, and 5. They decrease consistently

with increases in reinforcement for Rats 1
* and 4.

200

Fig. 3. Overall rate of responding emitted under (top
section), proportion of total session time spent respond-
ing under (middle section), and overall rate of rein-
forcement obtained from (bottom section) the VI 1-min
component schedule, plotted as a function of the over-

all rate of reinforcement obtained from the other com-
ponent (r2). Each point is the mean of the values ob-
tained from the last five sessions for which the schedule
was presented. The points obtained from the two pre-
sentations of the conc VI 1-min VI 1-min schedule have
been averaged. Rates of responding have been reported
in responses per minute; rates of reinforcement, in re-

inforcers per hour.

the two components of each concurrent sched-
ule, plotted as a function of the overall rate of
reinforcement obtained from the variable com-

ponent. Local rates were calculated by divid-
ing the number of responses emitted under,
or the number of reinforcers obtained from,
each component by the time spent responding
on that component. All of the points that
represent the ratios of the local rates of re-

sponding would fall on the horizontal line at
1.0 if the rates of responding generated by the
components of each schedule were exactly
equal. All points that represent the ratios of
the local rates of reinforcement would fall on

DISCUSSION

The Matching Law
The data conform closely to Baum's version

of the Matching Law. Baum's equation ac-
counts for 87 to 99% of the variance in the
rates of responding, and for 86 to 99% of the
variance in the time spent responding.
The data presented in Figure 1 do not vio-

late Herrnstein's version of the Law consist-
ently across subjects. Herrnstein's formula is
a special case of Baum's equation, in which
the k and a parameters equal 1.0. The values
of k and a were not exactly equal to 1.0, but
they were not consistently greater than or less
than 1.0 either.
However, Figure 4 shows that Herrnstein's

Matching Law may not be a good description
of the behavior of individual subjects. Figure
4 presents the ratios of the local rate of re-
sponding emitted under, and the ratios of the
local rates of reinforcement obtained from,
the two components of the concurrent sched-
ules, plotted as a function of the overall rate
of reinforcement obtained from the variable
component. The local rates of reinforcement
must be equal if the ratios of the time spent
responding on the components exactly obey
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Herrnstein's Matching Law. That is, T1/T2 =
r1/r2 implies that r1/T1 =r2/T2. The local
rates of responding must be equal if the ratios
of the rates of responding and the ratios of the
time spent responding obey Herrnstein's ver-
sion of the Matching Law. That is, P1/P2 =
rI/r2 and T1/T2=rl/r2 imply that P1/P2 =
T1/T2, which implies that Pl/T =P2/T2
and pl/T1 = p2/T2. Therefore, the deviations
from the equality of the local rates of respond-
ing and from the equality of the local rates of
reinforcement, which appear in Figure 4, also
represent systematic deviations from Herrn-
stein's version of the Matching Law. The re-
sults presented in Figure 4 are consistent with
those presented in Figure 1. The deviations
from equality do not occur in a way that is
consistent across subjects. But the results pre-
sented in Figure 4 do add to those presented
in Figure 1. They suggest that individual sub-
jects may deviate systematically from the Law.
The results presented in Figure 4 deserve

further study. Conclusions about systematic
trends in the data generated by individual
subjects should be based on more than four
points per subject. This is particularly true in
the present case. Many of the points in Figure
4 do not fall outside of the ranges of the ratios
that produced the other points. The study
that replicates these results should employ a
longer changeover delay. Past studies have
shown that the duration of the COD may de-
termine how well the Matching Law describes
the data (Shull and Pliskoff, 1967). Therefore,
a study that employed a longer COD might
produce closer conformity to Herrnstein's
version of the Law. The factors that pro-
duce systematic deviations from Herrnstein's
Matching Law should be investigated if the
present results are replicated in a study that
presents more schedules and uses a longer
COD.

Overall Rate of Responding, Proportion of
Time Spent Responding, and Overall
Rate of Reinforcement

Figures 2 and 3 show that the overall rate of
responding emitted under, and the proportion
of the total session time spent responding un-
der, the component schedules varied directly
with the overall rate of reinforcement pro-
vided by that component, and inversely with
the overall rate of reinforcement provided
by the other component schedule. The inverse

relation extends the generality of behavioral
contrast, and it supports one of the predictions
of Rachlin's theory (Rachlin, 1973). As ar-
gued earlier, Rachlin's theory states that sub-
jects will increase the proportion of the total
session time they spend responding on one
component schedule when the rate of rein-
forcement provided by the other component
schedule decreases. The middle section of Fig-
ure 2 clearly confirms this prediction.
The bottom section of Figure 3 suggests that

the behavioral contrast found in this experi-
ment may be a byproduct of the relation be-
tween the rate of responding emitted on the
VI 1-min component and the rate of reinforce-
ment obtained from that component. It shows
that the rate of reinforcement obtained from
the VI 1-min component schedule varied in-
versely with the rate of reinforcement ob-
tained from the variable component. The
overall rates of responding emitted under, and
the proportion of the total session time spent
responding under, the VI 1-min component
varied directly with the rate of reinforcement
provided by that component.
The inverse relation between the overall

rates of reinforcement supplied by the com-
ponent schedules deserves further study. First,
experiments should determine the generality
of this finding. For example, it is not known
whether the same function would be found
when pigeons respond under concurrent sched-
ules. The rates of reinforcement obtained
from the component schedules have not al-
ways been reported when pigeons have served
as subjects. One study that did report them
did not find an inverse relation (McSweeney,
1975b). Second, experiments should investi-
gate the relation of this finding to behavioral
contrast. Figure 3 shows that the rate of re-
sponding emitted on the VI 1-min compo-
nent decreased as the rate of reinforcement
obtained from the variable component in-
creased. Experiments should investigate
whether changes in the rate of reinforcement
obtained from the VI 1-min component pro-
duced the changes in the rate of responding
emitted under that component, or whether
changes in the rate of responding produced
the changes in the rate of reinforcement.
Third, experiments should determine the fac-
tors that produce differences between the
rates of reinforcement scheduled by the ex-
perimenter and the rates obtained by the sub-
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jects. Discrepancies between the two rates have
been reported in past studies (e.g., McSwee-
ney, 1975a); however, the factors that produce
these discrepancies have not been investigated.

The Equalizing Principle
The data presented in Figure 4 do not devi-

ate from the equalizing principle or from
Rachlin's prediction that the local rates of
responding should be equal and constant
across changes in the rates of reinforcement
in a way that is consistent across subjects.
But, the equalizing principle and Rachlin's
prediction do not provide a good quantitative
description of the data. The ratios of the local
rates of responding and the ratios of the local
rates of reinforcement differ substantially
from 1.0, and the individual subjects may
violate Rachlin's prediction in a systematic
way. The ratios of the local rates of respond-
ing may increase with increases in the overall
rates of reinforcement obtained from the vari-
able component for Rats 2, 3, and 5. They may
decrease systematically for Rats 1 and 4. As
discussed earlier, these results should be repli-
cated before any conclusions are drawn. Stud-
ies should be conducted for pigeons as well as
rats. Few data support the principle or Rach-
lin's prediction when either species of animals
serves as subjects.
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